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ABSTRACT 
We have studied the dynamics of cylindrospermopsin concentration CYNof a benthic 
cyanobacterium of the genus Oscillatoria under various light conditions over the different 
growth phases. The present study is the first one reporting on the effect of abiotic factors on 
the CYN accumulation and release by a benthic species. In particular we have measured the 
concentrations of both intracellular and extracellular CYN. We found that the total CYN 
content is highest during the exponential growth phase at intermediate light level (10µE m-2 s-
1) and during the stationary growth phase at more extreme lower and higher light levels.  Our 
results also indicate that the amount of the extracellular form varied between 56 and 96% of 
the total CYN concentrations. We found no relationship between CYN content and growth 
rates. These results suggest many similarities with planktonic species but also highlight some 
differences.  
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INTRODUCTION 
Cyanobacteria are known to produce a variety of toxins, which have adverse effects on 
animals and humans (Codd et al. 2005). These toxins include microcystins, 
cylindrospermopsins, saxitoxins, nodularins, anatoxins and more recently beta-methylamino-
L-alinine or BMAA. Although microcystin is the only toxin routinely monitored for health 
risks, there are an increasing number of studies reporting on the presence of all types of toxins 
in waterbodies. In particular, cylindrospermopsin (CYN) is rapidly being recognised as one of 
the globally problematic freshwater toxin due to its ever expanding distribution from tropical 
to temperate zones (Rücker et al. 2007 ; Brient et al. 2008 ; Sinha et al. 2012) and its ability to 
bioaccumulate in freshwater organisms (Kinnear 2010).  
 
CYN is a tricyclic alkaloid cytotoxin produced by several cyanobacterial species : 
Cylindrospermopsis raciborskii, Aphanizomenon ovalisporum, Aphanizomenon flos aquae, 
Anabaena bergii, Anabaena lapponica, Umezakia natans, Raphidiopsis curvata and other 
unidentified species. Recently, several oscillatoriales have been identified as producing CYN 
as Lyngbya wollei (Seifert et al. 2007) and Oscillatoria sp. (Mazmouz et al. 2010). CYN is 
highly water soluble and is primary present in extracellular form (Chiswell et al. 1999 ; 
Rücker et al. 2007). CYN degrades relatively slowly by photodegradation (Wörmer et al. 
2010) and biodegradation (Wörmer et al. 2008) explaining relatively high extracellular 
concentrations in the water.  
 
In the field, Wiedner et al. (2008) found that CYN was essentially produced as extracellular 
form during the decline of a bloom. Some laboratory experiments on Cylindrospermopsis 
raciborskii (Saker and Griffith 2000; Hawkins et al. 2001; Dyble et al. 2006) confirm this 
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tendency by demonstrating an increased accumulation of extracellular CYN during the 
stationary growth phase.  
 
Abiotic factors that influence the accumulation and release of CYN have been studied both in 
the field and in laboratory experiments. The effect of temperature has been studied showing 
globally that an increase in temperature results in a decrease of CYN accumulation (Saker and 
Griffith 2000; Preuβel et al. 2009; Cires et al. 2011). Nutrient concentrations also play a role 
in CYN accumulation.  In studies with Aphanizomenon ovalisporum, an increase of CYN 
accumulation with limiting phosphorus conditions was shown (Bar Yosef et al. 2010) while 
higher CYN accumulation in cells grown in a culture medium with lower phosphorus 
concentration was also observed by Cires et al. (2011). Higher intracellular CYN 
concentration was also observed in controlled laboratory experiments with several strains of 
Cylindrospermopsis raciborskii in lower nitrogen medium (Saker and Neilan 2001).  Light 
intensity has also been examined as a factor influencing CYN accumulation. Dyble et al. 
(2006) indicated an increase of total CYN concentration with an increase in light intensity 
between 18 and 75 μE m-2 s-1 for the species Cylindrospermopsis raciborskii at 25°C. 
Similarly Cires et al. (2011) observed a significant increase of intracellular CYN between 15 
and 60 μE m-2 s-1 on the species Aphanizomenon ovalisporum at 28°C. However, according to 
Preuβel et al. (2009), the impact of light intensity is temperature dependent, it increased at 
20°C and decreased at 25°C for Aphanizomenon flos aquae for light ranging between 10 and 
60 μE m-2 s-1.  
 
To our knowledge, all of the studies reported in the literature on the role of abiotic factors in 
CYN accumulation have involved planktonic species. As CYN concentration has recently 
been measured on benthic species, we examined how abiotic factors affect CYN accumulation 
and release by a benthic species. In particular, this study examines the role of light intensity 
and growth phase on both intracellular and extracellular CYN concentrations by the benthic 
Oscillatoria sp. PCC 6506 recently identified as producing CYN (Mazmouz et al. 2010) 
under unlimited nutrient conditions. We hypothesize that CYN content will vary as a function 
of stressed conditions, therefore we expect differences between growth phases and between 
light levels. 
 
MATERIALS AND METHODS 
Strain and cultures conditions 
The strain PCC 6506 is a filamentous species with slightly flexed trichomes. The CYN 
producing strain Oscillatoria sp. PCC 6506 was provided by the Pasteur Culture Collection of 
Cyanobacteria (Pasteur Institute in Paris) as an axenic culture which was grown in a BG11 
medium at 20°C in a 14h/10h light dark cycle. Three light intensities were tested (2, 10 and 
20 μE m-2 s-1) after a preliminary experiment identified that the culture was not growing at 
higher light intensity. Prior to the experiment each culture was pre-adapted for three weeks to 
its appropriate light intensity. All experiments were performed in triplicate batch cultures. An 
initial biomass of 105 cells mL-1 was used in each culture. Toxin concentrations were 
measured at the same time (day 2, day 23 and day 51) for all three light levels.  
 
Biomass and growth kinetics 
Oscillatoria sp cell density was estimated by converting the OD at 750 nm into cell density 
(cells mL-1) based on a linear relationship between these two parameters. The specific growth 
rates, μ (day-1), were calculated during the exponential growth phase according to the 
following equation: 
μ= (ln Ct+t - ln Ct)/(t) 
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where Ct and Ct+t represent the cell density (cells mL-1) at times t and t + t, respectively. 
Cell counts were obtained with a Nageotte cell on an optical microscope counting a minimum 
of 2000 cells. Optical density was measured twice a week to follow the evolution of the 
biomass, identify growth phases and calculate growth rates. The toxin concentration was 
tested prior to the experiment to determine appropriate volumes to sample. Samples of 1 mL 
were collected in each replicate during the different phases (latent, exponential and stationary) 
and analysed for intracellular and extracellular CYN concentrations.  
 
Toxin analyses 
Separation of intracellular and extracellular CYN was achieved by low vacuum filtration on a 
GF/F filter. The filtrate was stored at -18°C for extracellular analysis. For the intracellular 
form, the biomass recovered on the filter was dried for 3h at 35°C and resuspended in 5 mL of 
ultrapure water before being stored with the filter at -18°C. After thawing, extractions were 
performed according to Welker et al. (2002) and adapted for the specification of strain PCC 
6506 as of Mazmouz et al. (2010). Samples (biomass and filter) were subjected to ultrasounds 
using a Sonics Vibracell probe for 60s at 130 W then placed on an orbital shaker at 300 rpm 
for 1h at room temperature. They were again subjected to 60s of ultrasounds and filtered on 
0.45 μm nylon filter.  
 
Concentrations were measured using a Cylindrospermopsin ELISA kit from Abraxis and 
analysed with a spectrophotometer ELX800UV from BioTEK instruments. The detection 
limit was estimated at 0.04 μg L-1 and the range between 0.04 and 2.5 μg L-1. Therefore, the 
samples had to be diluted with ultrapure water before analysis. Concentrations of both 
intracellular and extracellular forms are reported per cell. 
 
Statistical analysis 
Results are expressed as mean +/- standard deviations. One-way ANOVA for non equal 
variance followed by a post-hoc Tukey test was performed for all statistical tests during each 
of the growth phases with significance threshold set at 0.05.  
 
RESULTS 
A high correlation (R2 = 0.92 ; n = 45 not shown) was found between optical density at 750 
nm and cell numbers estimated by counting on an optical microscope.  This relation, which 
was similar for the three light intensities, was used to infer the evolution of biomass. Growth 
rates and length of growth phases varied with light intensities. Growth rates were significantly 
different (p<0.05, Tukey test) between each light intensity with the highest value of 0.136 ± 
0.003 day-1 at 10 μE m-2 s-1, an intermediate value of 0.118 ± 0.005 day-1 at 2 μE m-2 s-1 and 
the lowest value of 0.100 ± 0.003 day-1 at 20 μE m-2 s-1. Very low variance was observed 
between the triplicates for each modality. While the latent phase length (4 days) was similar 
for all light intensities, the exponential growth phase was longer at 10 μE m-2 s-1 (40 days) and 
was equal to 30 days at the other two light intensities.  
  
At the beginning of the experiment, during the latent phase, there was no significant 
difference in the CYN content (either forms) between the replicates cultured at different light 
intensities (p>0.05, Tukey test). We observed an intracellular CYN concentration varying 
between 1.9 and 2.6 fg cell-1 and an extracellular CYN concentration varying between 9.3 and 
12.4 fg cell-1 with over 80% as extracellular CYN (Fig.1).  
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Fig. 1 : Intracellular and extracellular CYN concentrations (fg cell-1) as a function of light 
during the latent, exponential and stationary growth phase 
 
During the exponential growth phase the highest proportion of the toxin was again in 
extracellular form at all light levels varying between 56 % at 2 μE m-2 s-1 to 84 % at 10 μE m-2 
s-1. CYN concentrations were significantly lower (p<0,05, Tukey test) at 2 μE m-2 s-1 for both 
forms with values of 1.40 ± 0.04 fg cell-1 as intracellular and 1.77 ± 0.06 fg cell-1 as 
extracellular form compared to the other light levels (Fig.1). During the exponential growth 
phase, we therefore observed a significantly lower (p<0.05, Tukey test) total CYN content at 
2 μE m-2s-1 compared to the other two light levels.  
 
During the stationary phase, again most of the toxin was in extracellular form with 
proportions varying with light levels between 89 % at 10 μE m-2 s-1 and 96 % at 2 μE m-2 s-1. 
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Both intracellular and extracellular CYN concentrations varied with light intensity and were 
significantly higher (p<0.05, Tukey test) at 20 μE m-2 s-1 than at the other light levels. Total 
CYN content was maximal at 20 μE m-2 s-1 during the stationary phase with concentrations 
per cell of 19.6 ± 2.4 fg cell-1 (Fig.1). For a typical biomass observed in the field of 105 cells 
mL-1, these values would be equivalent to 2 μg L-1, a value twice the recommended drinking 
water guideline of 1 μg L-1 (Humpage and Falconer 2003).  
 
Although the maximum total CYN content during the exponential growth phase coincided 
with the maximum growth rate (at 10 μE m-2 s-1), the lowest CYN contents at 2 μE m-2 s-1 
were not associated with the lowest growth rates. Therefore we did not observe a consistent 
relationship between growth rate and either intracellular or total CYN content (Fig. 2). 
   
  
Fig. 2 : Total and intracellular CYN concentrations (fg cell-1) versus growth rates (d-1) during 
the exponential phase at different light intensities. 
 
 
DISCUSSION 
In this study, we showed a dominance of extracellular CYN content regardless of the growth 
phase and the light level for the benthic species Oscillatoria sp. Dominance of extracellular 
CYN (62%) for the same strain Oscillatoria sp. PCC 6506 was also observed by Mazmouz et 
al. (2010) after 11 days of growth at 20°C and in a nutrient rich medium and a constant light 
level of 15 μE m-2 s-1, which was likely to correspond to the exponential phase. The results 
presented here on the CYN content for a benthic species being mostly extracellular are in 
accordance with results for planktonic species, although very few studies have reported on 
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CYN release and presented extracellular concentrations values. Dominance of extracellular 
CYN was observed in the field in lakes dominated by the Aphanizomenon genus (Wiedner et 
al. 2008). In laboratory experiments, extracellular proportions varied with abiotic factors and 
species. Cires et al. (2011) reported over 60% of extracellular CYN at extreme temperature 
for Aphanizomenon ovalisporum and Preuβel et al. (2009) reported extracellular CYN 
concentration up to 58% under stress conditions, suggesting that the release of CYN was 
stress induced.  Increases in extracellular concentrations under stress conditions have also 
been reported for microcystin (MC) producers associated with high light (Wiedner et al. 
2003) or grazing pressure (Zhang et al. 2010). Nevertheless, for MC producers, the majority 
of the toxin is in intracellular form except during cell lysis.  
 
Although the CYN concentration was found to be mostly in extracellular form, we observed a 
growth phase effect. Our results suggest relatively higher intracellular CYN content during 
the exponential growth phase and higher extracellular CYN content during the stationary 
phase. Very few studies have examined the CYN accumulation and release during the 
stationary phase (Hawkins et al. 2001; Dyble et al. 2006). However, they all report an 
increase of extracellular form during the stationary phase in accord with an increase observed 
in the field at the end of the bloom in a seasonal dynamics (Wiedner et al. 2008).  This 
characteristic seems therefore to be common to all CYN producers studied so far.  
 
We observed also a light effect on CYN accumulation and release. A statistically significant 
lower concentration of extracellular CYN was observed at the intermediate light level during 
the stationary phase. Due to the higher biomass reached this result can be in part due to a 
dilution effect, which occurs when the growth rate is higher than the toxin production rate. 
Observed higher extracellular CYN concentration at lower and higher light levels are 
consistent with a more limiting environment associated with stressed conditions. Indeed, 
stress related release of extracellular CYN has been suggested under N limitation (Preuβel et 
al. 2009). We also observed a light intensity effect with lower CYN content of both 
intracellular and extracellular form during the exponential phase at low light leading to a 
lower total CYN content. This result is similar to that of planktonic species, which tend to 
show higher accumulation of intracellular CYN concentration at higher light levels.  
 
We did not observe a monotonic relationship between growth rate and either intracellular or 
total CYN concentration. This result is similar to published studies on other CYN producers, 
which do not show a consistent relationship between CYN concentration and µ. Indeed high 
CYN concentrations have been measured at high light intensities in Cylindrospermopsis 
raciborskii when growth rates were not at their maximum (Dyble et al. 2006). Similarly, 
Saker and Neilan (2001) found high intracellular CYN concentrations in low nitrogen 
Cylindrospermopsis raciborskii cultures while growth rates were suboptimal. There were no 
correlations between growth rates associated with variations of both temperature and light and 
either intracellular or total CYN contents in studies on Aphanizomenon flos aquae (Preuβel et 
al. 2009; Cires et al. 2011). This lack of relationship between growth rate and CYN content 
contrasts with MC producers which often show a strong linear relationship between 
intracellular MC and µ (Orr and Jones 1998; Briand et al. 2012) suggesting different 
functional roles for these toxins.  
 
In summary, we found that a benthic species produced predominantly extracellular CYN with 
an increase during the stationary phase in accord with planktonic CYN producers possibly 
indicating a stress response. No correlation was found between growth rate and CYN content 
again in a similar way to planktonic CYN producers’ response. Hence the results presented in 
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this study, although preliminary, suggest many similarities with planktonic CYN producers. 
Further studies should include testing intra species variability amongst Oscillatoria as well as 
other benthic species before generalization can be attempted. As the CYN toxin is 
predominantly present in an extracellular form in the environment, its presence is particularly 
problematic in water bodies used for drinking water purposes or recreational activities. In 
view of major ecological implications from benthic CYN producers, which include grazing by 
benthic organisms bioaccumulating in the food chain, it is somewhat surprising that benthic 
cyanobacteria have received so little attention. 
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